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Abstract
Gas diffusion electrode (GDE) setups have been recently introduced as a new
experimental approach to test the performance of fuel cell catalysts under high
mass transport conditions, whilemaintaining the simplicity of rotating disk elec-
trode (RDE) setups. In contrast to experimental RDE protocols, for investiga-
tions using GDE setups only few systematic studies have been performed. In
literature, different GDE arrangements were demonstrated, for example, with
and without an incorporated proton exchange membrane. Herein, we chose a
membrane-GDE approach for a comparative RDE–GDE study, where we inves-
tigate several commercial standard Pt/C fuel cell catalysts with respect to the oxy-
gen reduction reaction (ORR). Our results demonstrate both the challenges and
the strengths of the new fuel cell catalyst testing platform.We highlight the anal-
ysis and the optimization of catalyst film parameters. That is, instead of focusing
on the intrinsic catalyst ORR activities that are typically derived in RDE inves-
tigations, we focus on parameters, such as the catalyst ink recipe, which can be
optimized for an individual catalyst in a much simpler manner as compared to
the elaborative membrane electrode assembly (MEA) testing. In particular, it is
demonstrated that∼50% improvement in ORR performance can be reached for a
particular Pt/C catalyst by changing the Nafion content in the catalyst layer. The
study therefore stresses the feasibility of the GDE approach used as an interme-
diate “testing step” between RDE and MEA tests when developing new fuel cell
catalysts.
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1 INTRODUCTION

Despite the substantial advancements of fuel cells in the
last decade, their cost and the lack of a hydrogen infras-
tructure are still inhibiting factors formass commercializa-
tion. Concerning fuel cell catalysts, the amount of Pt (pre-
ciousmetal) used and its resistance against degradation are
major factors that still need further improvement.[1–5] To
reduce the costs, the catalyst layers need to be improved
in a way that they provide maximal power by minimal
Pt (precious metal) content. Additional challenges are the
scarcity of the active catalyst materials and the limited
conversion efficiency (as compared to battery storage).[6]
Developing new and improved oxygen reduction reaction
(ORR) catalysts with lower precious metal content that
achieve higher power densities is therefore crucial. One
major challenge thereby is the implementation of new cat-
alysts established in fundamental research to applications
in fuel cells. Despite the fact that many promising catalysts
meet performance targets identified in rotating disk elec-
trode (RDE)measurements, there are few examples of suc-
cessful implementation to membrane electrode assembly
(MEA) testing.[7]
In fundamental research, most fuel cell catalysts are

investigated with a RDE setup.[8] However, due to the lim-
ited mass transport, inherent to RDE setups, the poten-
tial ranges at which the kinetics of an ORR catalyst can be
investigated is narrow. In addition, different catalyst load-
ings and testing parameters are used for RDE measure-
ments compared toMEAs, that is, the typical catalyst load-
ing for RDE is 5–20 μgPt/cm2, while for MEAs it is 100–
500 μgPt/cm2, which leads to different thicknesses in cata-
lyst layers.[8–10] In RDE measurements, the catalyst layer
may contain Nafion (or similar proton conducting poly-
mer) binder. However, due to the liquid electrolyte, this is
not required for proton transport. By comparison, Nafion
is an essential component for catalyst layers in MEAs.
Furthermore, RDE testing protocols are performed poten-
tiodynamically, while MEAs testing is carried out under
potentiostatic or galvanostatic conditions.[9] All these dif-
ferences limit the transferability of results gained with an
RDE setup toward an application in fuel cells. There is a
lack of evidence that all high-performing fuel cell catalysts
measured with the RDE setup can unfold their full poten-
tial in MEAs.[7,11,12]
To facilitate the full exploitation of results and knowl-

edge obtained in fundamental research, newmeasurement
setups with increased mass transport properties have been
introduced.[7,13–19] These setups allow to apply more real-
istic conditions in the catalyst testing and at the same
time should be widely applicable in standard research lab-
oratories. The GDE approach fulfils these criteria.[18,20–23]
Most importantly, mass transport limitations which are

inherent to RDE measurements, can be avoided in the
GDE approach by distributing the reactant, for example,
oxygen gas, directly through a gas diffusion layer (GDL).
In the article, the used membrane-based GDE setup, no
direct contact between catalyst layer and liquid electrolyte
exists. A polymer electrolyte membrane separates the cat-
alyst layer, which in the current study contains a fixed Pt
loading of 208 μgPt/cm2, and the electrolyte. A major chal-
lenge for the GDE approach is to develop and standardize
procedures for catalyst testing.[23] Therefore, it is of inter-
est to systematically compare the inherent performance
of Pt/C catalysts as determined by RDE measurements
with their performance as catalyst film inmembrane-GDE
measurements. In the presented study, we thus, compare
the ORR performance of six different commercial Pt/C
catalysts in a GDE setup and use RDE measurements as
benchmark for their intrinsic ORR activity. The aim is
to investigate which factors are essential to transfer the
intrinsic ORR activity of Pt/C catalysts to catalyst lay-
ers that eventually will be used in MEAs. The experimen-
tal protocol (e.g., catalyst ink composition, coating meth-
ods, and measurement procedures) in the RDE measure-
ments utilizes previous insights on establishing intrinsic
activities, whereas the GDE protocol is oriented toward
MEA testing. However, both experimental protocols fulfil
the respective testing criteria to reach the fundamental and
applied research standard, as closely as possible.[8,24–26]
With this study, it is demonstrated that a GDE approach
allows a straight-forward optimization of a given cata-
lyst film under conditions relevant for applications. On
the other hand, GDE testing using standardized ink
recipes might not uncover the full potential of a respective
catalyst.

2 MATERIALS ANDMETHODS

2.1 Small angle X-ray scattering (SAXS)

Small angle X-ray scattering (SAXS) measurements were
conducted using a SAXSLab instrument as previously
described[22] and are detailed in Supporting information.
The SAXS data were fitted assuming a power law and
polydisperse spheres. The background corrected scattering
data were fitted using a power law to take into account
the behavior at low q value and a model of polydisperse
spheres, described by a volume-weighted log-normal dis-
tribution. Some data were best fitted by adding a second
model of polydisperse spheres also described by a volume-
weighted log-normal distribution. The scattering data and
related fits are reported in Supporting information Figure
S1 and the values obtained for the fitting parameters are
reported in Supporting information Table S1.
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2.2 Transmission electron microscopy
(TEM) and scanning electron microscopy
with energy dispersive X-ray spectroscopy
(SEM-EDS)

A Jeol 2100 transmission electronmicroscope (TEM) oper-
ated at 200 kV was used for the TEM analysis. The sam-
ples were prepared by suspending the commercial cata-
lyst powders in ethanol and then dropping the sample
suspension onto carbon-coated copper TEM grids (copper
or nickel grids, Quantifoil). Micrographs were recorded at
three different magnifications at least, and in at least three
randomly selected areas. At least 200 nanoparticle diame-
ters were evaluated using the software ImageJ to evaluate
the size distribution.
The SEM-EDS cross-section measurements were per-

formed as described earlier[21] using a Zeiss GeminiSEM
450 with SmartSEM 6.05 software and EDS Photodetec-
tor Ultim max 65 from Oxford Instruments using AZTec
4.2 software. As scan parameters for the EDS maps, a WD
(working distance) between 8.4 and 8.8 mm, accelerating
voltage of 15 kV and a probe current of 200 pA were used.

2.3 Electrochemical characterization

2.3.1 Catalyst ink and film formation for the
RDE measurements

The inks for the RDE measurements were prepared from
the respective dried catalyst powder and dispersed in a
mixture ofMilli-Qwater and isopropanol (Vwater: VIPA = 3:
1). To the ink, 1.6 µL/mL 1MKOH (aq) was added and then
homogenized in a sonicator bath for 10 min. The resulting
homogeneous catalyst ink had a total Pt concentration of
0.218 gPt/L.
Thin catalysts films were prepared by pipetting 9 µL

(0.218 gPt/L) of each catalyst ink onto a newly polished
glassy carbon (GC) disc. The disk was then dried under
Ar gas stream humidified with IPA and H2O, the disc was
kept stationary in the drying step. The resulting films had
a Pt loading of 10 μg/cm2 and were dried at ambient atmo-
sphere for further electrochemical measurements.

2.3.2 Catalyst ink and film preparation for
the GDE measurements

Catalysts inks were prepared from different dried catalyst
powders and dispersed in a mixture of Milli-Q water and
isopropanol (mixture volume ratio of 3:1). To disperse the
powder, the mixture was sonicated for 5 min at room tem-

perature. Subsequently, Nafion solution was added so that
the ink contained a mass C:Nafion ratio of 1. The ink was
sonicated again for 5 min. The final inks had a Pt concen-
tration of 0.5 mg/mL for all catalysts.
The catalyst films were produced by a vacuum filtration

of the catalyst ink onto GDL. To conduct the vacuum fil-
tration, the ink was first diluted by Milli-Q water to a Pt
concentration of 0.05 mg/mL (mixture volume ratio 1:3).
The ink was then added to a vacuum apparatus and fil-
trated through anMPL-coated GDL (FreudenbergH23C8).
The resulting catalyst films (Ø= 4 cm) were stored in petri
dishes. From this film-coated GDL, a disk (Ø= 3 mm) was
extruded andused asGDE.All investigatedGDEs prepared
from the commercially available Pt/C catalysts had a Pt
loading of 208 ugPt/cm2 on the GDL.

2.3.3 Rotating disk electrode (RDE)
measurements

All RDE electrochemical measurements were performed
at room temperature with a computer controlled poten-
tiostat (ECi 200, Nordic Electrochemistry ApS) and a
glass cell equipped with three electrodes as previously
reported.[26–28] The working electrode (WE) was a GC disk
(5 mm in diameter) embedded into a Teflon tip.
A Pt wire served as counter electrode (CE) and a

reversible hydrogen electrode (RHE) served as a reference
electrode. An aqueous 0.1Mperchloric acid electrolytewas
used, which was saturated with argon prior to the start
of the electrochemical measurements. The solution resis-
tance was measured with a superposed AC signal (5 mV, 5
kHz) and was compensated down to 2 Ω.
The analytical procedure to electrochemically analyze

the Pt/C catalyst layers was repeated for all six investigated
Pt/C catalysts and included the following steps: Surface
cleaning, Ar background, ORR activity, and CO stripping
to determine Pt active surface area. The Pt catalyst sur-
face was cleaned under an argon atmosphere by cycling
the potential between 0.05 VRHE and 1.20 VRHE for three
cycles to remove the possible organic residue on the cat-
alyst film. Thereafter, the upper potential was reduced to
1.10 VRHE and the cycling was continued until reaching
a stable cyclic voltammogram (CV) (∼50 cycles in total).
The scan rate was 0.50 V/s. The initial higher potential
limit served to reduce the total number of potential sweeps.
Afterwards, anAr backgroundwasmeasured in a potential
range between 0.05 VRHE and 1.10 VRHE with a scan rate of
0.05 V/s in Ar saturated electrolyte. Prior to the ORR per-
formance measurements, the electrolyte was purged with
O2 for 10 min. During the ORR activity measurement, the
potential window and the scan rate were the same as that
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applied for Ar background measurements, while the RDE
had a rotation speed of 1600 rpm.
To determine the electrochemical active surface area

(ECSA) of the investigated catalysts, the oxidation charge
obtained from a CO monolayer stripping experiments was
analyzed. In brief, the electrode was held at 0.05 VRHE in
CO saturated electrolyte for 2 min. Subsequently, the elec-
trolyte was saturated with Ar (∼10 min) to purge the elec-
trolyte from CO. The potential was swept from 0.05 to 1.10
VRHE with a scan rate of 50 mV/s to oxidize the adsorbed
COmonolayer to CO2. The ECSAwas then calculated from
the ration of resulting oxidative charge (QCO), after back-
ground subtraction, and the oxidation charge of a mono-
layer, 400 µC/ cmPt

2, and finally normalized to the mass of
the Pt (mPt).[29]

𝐸𝐶𝑆𝐴 =
𝑄𝐶𝑂

400μC cm−2
Pt

1

𝑚𝑃𝑡
.

The ORR data were analysed from the background cor-
rected polarization curves. The background polarization
curves were recorded in Ar-purged electrolyte. The ORR
activity was then evaluated at 0.90 VRHE from positive
going scans. The mass activity (MA) was obtained by nor-
malizing the activity by the Pt mass. The specific activity
(SA) was obtained by normalizing the measured current
density (mA/cmGeo

2) to the ECSA.

2.3.4 Measurements in the gas diffusion
electrode setup

The GDE-setup was assembled as follows:[13] A 3 mm disc
was punched out of the catalyst film covered by GDL. The
catalyst containing disc was placed into an MPL-coated
GDL disc (Ø = 2 cm, Freudenberg H23C8) which had a 3
mmhole in themiddle. ANafionmembranewas placed on
top (Nafion 117, thickness 183um).With a tablet press (pres-
sure range: 0–15T), the whole stack was pressed together at
a pressure of two tonnes and a duration of 10 min. After-
wards, a GDL (Freudenberg H23) was placed into the gas
flow field of the lower cell body, followed by the stack con-
taining the GDE and the Nafion membrane. Finally, the
upper cell bodywas placed on top of theNafionmembrane.
The two body partswere held in place by a clamp. The com-
partments of the upper cell body were filled with 15 mL of
4 M perchloric acid. Finally, an RHE RE and the CE (Pt
wire) were put into the electrolyte.
All electrochemical measurements were performed

at 30◦C with a computer controlled potentiostat (ECi
240, Nordic Electrochemistry ApS) and a GDE-setup as
reported.[13] The analytical procedure to electrochemi-
cally analyse the Pt/C catalyst layers was the same for all

six investigated Pt/C catalysts and included the follow-
ing steps: First, the GDE was purged from the backside
(through the GDL) with argon gas. Doing so, the catalyst
was cleaned by potential cycles between 0.05 and 1.10 VRHE
at a scan rate of 0.2 V/s until a stable CV could be observed
(∼50 cycles). Afterwards, a CO strippingmeasurementwas
performed followed by electrochemical impedance spec-
troscopy (EIS) and ORR-activity measurements. To con-
clude the investigations, a second CO stripping measure-
ment was performed. Throughout the entire experiment, a
bubbler was used to humidify the gas and the membrane.
During the whole measurement, the solution resistance
wasmeasured by superimposing anAC signal of 5 kHz and
an amplitude of 5 mV.
CO stripping measurements were conducted to deter-

mine the ECSA. In essence, the catalyst layer got covered
by CO gas which adsorbed onto the Pt surface. Afterwards,
the catalyst was purgedwithAr to remove the excess of CO.
As a next step, a CV was recorded (scan rate: 50 mV/s),
which records the oxidative current originating from the
oxidation of CO to CO2. Finally, multiple CVs under Ar
atmosphere were conducted until the Ar background was
regained. The value of the ECSA was then obtained, as
described in “Section 2.3.3”.
Prior to the ORR activity measurements, oxygen was

flowed through the pipes for 10 min. For the last 5 min,
a potential of 0.80 VRHE was applied. This ensured that all
gas lines were fully filled with oxygen and that the catalyst
layer was equally wet over the entire surface. The ORR-
activitymeasurementswere conducted in potential control
mode with a potential range between 1.00 VRHE and 0.10
VRHE. The potential was preset to 1.00 VRHE and then low-
ered in steps of 25 mV until 0.10VRHE are reached. At every
step, the potential was held constant for 1 min to reach
steady-state conditions. For analysis, themeasured current
was averaged over the last 10 s. The online solution resis-
tance was determined from the superimposed AC signal (5
kHz, 5 mV). All ORR activity measurements were postcor-
rected for the potential errors introduced by the solution
resistance using this online measurement, see Supporting
information Figure S2 for example. The EISmeasurements
served to back up the online correction in case of failure or
uncertainties.

3 RESULTS AND DISCUSSION

We start with the physical characterization of the investi-
gated Pt/C fuel cell catalysts. All examined catalysts are
commercially available and can serve as benchmarks in
studies investigating new, home-made fuel cell catalysts.
Their Pt to C ratio (Pt loading), as indicated by the supplier,
ranges from roughly 20 wt.% up to 70 wt.%. In Figure 1,



5 Electrochemical Science Advances
RESEARCH ARTICLE
doi.org/10.1002/elsa.202100190

F IGURE 1 Pt particle size distribution of the investigated commercial Pt/C determined from TEMmicrographs (at least 200 particles
were counted) and probability density function derived from the SAXS analysis. The insets display representative TEMmicrographs of each
commercial Pt/C catalyst. The average particle size with the font in black is determined from TEMmeasurements while the blue font
indicates the average particle size determined from the SAXS measurements. The Pt-to-C ratio (Pt loading) of each Pt/C catalyst is indicated
in the upper left corner

we present representative TEM micrographs to demon-
strate the physical characteristics of each Pt/C catalyst. In
addition, size histograms and average particle sizes derived
from a TEM analysis as well as probability density func-
tions derived from fitting the SAXS data are shown. As
Figure 1 shows, within the accuracy (error) of the mea-
surements, both methods lead to the same average particle
size. However, with a closer look at the size retrieved, the
average Pt particle size determined from TEM is slightly
smaller (except for TKK 46 wt.% Pt/C) in comparison to
the values derived from the SAXS analysis. This difference
can be explained by the fact that the particle size distribu-
tions are based on different analyses that are sensitive to
different sizes in different ways: For the TEM analysis, one
determines the relative number of particles with the same
size based ondefined bin sizes, and only relatively few indi-
vidual NPs are accounted for. In contrast, SAXS analysis is
performed in a larger volume of sample and substantially
more NPs are considered for the size evaluation. Addi-
tionally, the size retrieved from TEM is often number- or
surface-weighted,whereas it is volume-weighted for SAXS,
that is, SAXS is more sensitive to the contribution of larger
NP sizes. This explains why SAXS analysis leads to an esti-
mated diameter slightly larger than for TEM analysis in
this study. Nevertheless, due to the good agreement of the
results obtained by both analysis techniques in the present

study, we do not distinguish in the following between the
two methods when referring to the average particle size
and size distribution.
The analysis shows that the average particle sizes range

from roughly 2 to 5 nm (Figure 1). In addition, the carbon
support of each investigated catalyst is relatively homoge-
neously decorated by Pt particles; in particular, the TKK
19.4 wt.% Pt/C sample. The limited particle agglomeration
on the carbon support of this catalysts is also reflected by
the very narrow size distribution with a standard deviation
of only 0.4 nm in the TEM analysis. As expected, it can be
clearly seen that at increased Pt loadings, the carbon sup-
port is more densely covered with Pt particles and agglom-
eration increases. Characteristically in the TEM micro-
graphs of the HISPEC 60 wt.% and 70 wt.% Pt/C samples,
some darker spots are seen that most likely are related to
the slightly agglomerated Pt particles and the size distribu-
tion exhibits a clearly discernable tail towards larger sizes
(also the size distribution of the TKK 50.6 wt.% Pt/C sam-
ple displays such a feature).
In Figure 2, SEM-EDS cross-sections of pristine GDEs

prepared from three representative Pt/C catalysts are
shown. The general structure of the GDEs consisting of a
porous GDL covered by a carbon MPL and the respective
Pt/C catalyst layer is clearly discernable. While the MPL’s
thickness is measured constantly to be around 20 µm, the
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F IGURE 2 Comparison of SEM-EDS cross-sections of three GDEs prepared with different Pt/C catalysts. (Left) HISPEC 20 wt.%,
(middle) TKK 46 wt.%, and (right) HISPEC 70 wt.%. The SEMmicrographs were recorded with the BSE detector. Due to the different metal
loading on the carbon support in the Pt/C catalysts, the fixed Pt loading on the GDL (208 ugPt/cm2) leads to different thicknesses of the
catalyst film

thickness of the Pt/C catalyst layer varies with the Pt load-
ing on the carbon support (Pt to carbon ratio) of the respec-
tive catalyst. At low Pt loading (20 wt.%), the catalyst film
is about 16 ± 1 µm, whereas it is less than 5 µm on average
at very high Pt loading (70 wt.%). In other words, higher
Pt loadings (Pt to carbon ratio) of the Pt/C catalyst lead
to substantially denser (thinner) catalyst layers. Further-
more, the SEMmicrographs imply that under current con-
ditions, the vacuum filtration method of the Pt/C catalysts
with high Pt wt.% leads to less homogeneous catalyst films
on the GDL.
In previous work of our and other groups, the TKK 46

wt.% Pt/C sample was used as a benchmark or reference
catalyst.[14,16,17,30] Therefore, in the following, we discuss
the GDE measurements with this catalyst. In the upper
part of Figure 3, representative CVs of the TKK 46 wt.%
Pt/C samples recorded in the two setups are compared. In
both cases, the typical “electrochemical features” of a Pt/C
catalyst are depicted. In the low potential region of the
CVs (0.05–0.35 VRHE), both hydrogen adsorption (nega-
tive scanning direction) and desorption (positive scanning
direction) are visible, typically referred to as Hupd peaks.
However, the Hupd peaks in the CV of the GDE measure-
ments differ from the ones in the RDE, which are typical
for measurements in aqueous perchloric acid electrolyte.
In particular, the CV recorded in the GDE setup, the “sec-
ond” peak at around 0.25 VRHE is less pronounced, and the
hydrogen evolution reaction (HER) starts earlier, around
0.07 VRHE. In contrast to these differences, the adjacent
potential region between 0.35 VRHE and 0.60 VRHE, the
double layer region defined by capacitive currents from

F IGURE 3 In the upper graph, representative examples of CVs
of the same TKK 46 wt.% Pt/C catalyst recorded in an inert (Ar
purging) atmosphere are shown, whereas in the lower graph,
representative CO stripping measurements of the same catalyst are
shown. The CVs are normalized to the Pt loading on the electrode to
take account of the different films thicknesses. The measurements
recorded in the RDE setup are represented by a black line, while the
measurements recorded in the GDE setup are represented by a red
line. The scan rate was 50 mV/s for both GDE and RDE

charging and discharging the interphase, displays identical
double layer capacities in both setups. Finally, in the poten-
tial region of Pt oxidation and reduction (0.60–1.10 VRHE),
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the Pt oxidation and reduction peaks in the CV recorded
with the GDE setup are shifted toward higher potentials.
These observed differences are most likely a consequence
of the different local ion environments, that is, an aqueous
electrolyte and a membrane electrolyte environment. In
the GDE setup, the catalyst is surrounded by a solid Nafion
electrolyte, whereas it is surrounded by a liquid aqueous
electrolyte in the RDE setup. The earlier onset of the HER
in the GDE setupmight be related to the reduced local par-
tial pressure of hydrogen. Furthermore, the reference elec-
trode in the GDE setup is in aqueous electrolyte, while the
measured catalyst is not. This might lead to slight shifts in
referenced and “experienced” potentials, which is known
to substantially influence the determination of the intrin-
sic ORR activity.[29]
The different reaction environments manifest itself also

in the CO stripping measurements that are typically
used to determine the electrochemically active Pt surface
area,[31] see lower graph in Figure 3. The CO oxidation
peaks recorded in both setups are clearly shifted against
each other. Interestingly, in the GDE setup, the CO strip-
ping peak appears at lower potentials than in the RDE
setup (ca. 0.8 vs. 0.9 VRHE). Thus, the shift is more pro-
nounced and in opposite direction as compared to the
potential difference in hydrogen evolution or oxide forma-
tion observed in the CVs recorded in Ar atmosphere. It
should be pointed out that this shift is not related to an
incomplete CO monolayer formation, as can be seen from
the absence of Hupd features in the forward going CO strip-
ping scan. Therefore, it can be argued that the shift in the
CO stripping peak is related to a reduced anion blocking
in the GDE membrane-catalyst environment.[32] Interest-
ingly, the peak position observed in the CO stripping curve
recorded in the GDE setup is similar to the one observed
in an MEA measurement by Harzer et al.,[33] although it
needs to be stressed out that a direct comparison is dif-
ficult due to the different catalyst and different experi-
mental parameters such as scan rate and temperature. In
addition, the CO stripping shows a smaller ECSA for the
catalyst layer in the GDE setup compared with the RDE
setup, which is consistent with the observation in the Hupd
region, that is, the overall peak area in the Hupd region in
GDEmeasurement is smaller than the one fromRDEmea-
surement.
To investigate this effect systematically, in Figure 4, the

ECSA values obtained from the CO stripping measure-
ments are compared for the different Pt/C catalysts mea-
sured in both setups. The ECSA is plotted versus their “the-
oretical” ECSA, which is calculated from the TEM size his-
tograms assuming that the PtNPs are perfect, free-standing
spheres, that is, no Pt surface area is blocked by the car-
bon support. The ECSA values of some Pt/C samples can
also be compared to previous measurements.[34] The diag-

F IGURE 4 Comparison of ECSA values obtained from RDE
(black dots) and GDE (red dots) measurements with the ECSA
calculated from the Pt particle distribution shown in the TEM
micrographs, indicated as ECSA-TEM. The ECSA-TEM values were
calculated based on 200–400 randomly distributed Pt particles in
the TEMmicrographs of each catalyst. The given error with respect
to the ECSA-TEM is the standard error of the counted Pt particles in
TEMmicrographs, while the given error from measured ECSA
values is the standard deviation of at least three independent
measurements of each catalyst

onal line in Figure 4 indicates where measured and “the-
oretical” ECSA values are equal. It is seen that there is in
general a good agreement between the measured ECSAs
and the expected ECSA based on the particle size distribu-
tion. However, as a general trend the ECSA values deter-
mined in the GDE setup are lower than the ones obtained
in the RDEmeasurements. This general trend is visualized
in Figure 4 by fitting linear trendlines to the data points.
The maximum difference in ECSA from RDE and GDE
is approximately 20%. This systematic difference could be
the result of different factors. First, it may be that dur-
ing the vacuum filtration some Pt got lost, resulting in
a smaller CO-oxidation current when normalized to the
assumed catalyst loading. Second, Nafion which needs to
be added to the catalyst ink preparation for theGDE,might
block some active sites. Nafion is known to partially block
the active surface area of the active catalyst phase and,
thus, reduces the ECSA.[35] For the RDE measurements,
no Nafion was used as its only function is to glue the cata-
lyst film to the GC.[36]
In Figure 5, the electrochemical response of the Pt/C

benchmark catalyst in O2 saturated atmosphere is pre-
sented frommeasurements by both setups, that is, the RDE
and the GDE setup. The goal of an RDE characterization is
to determine the intrinsic kineticORR activity of a catalyst.
Such task is challenging as in the past even the results of



8 Electrochemical Science Advances
RESEARCH ARTICLE
doi.org/10.1002/elsa.202100190

F IGURE 5 Comparison of the ORR performance of TKK 46
wt.% Pt/C measured in a GDE (red) and RDE setup (black). Upper
graph, excerpt of the geometric ORR current densities

relatively “simple” Pt/C catalysts had been varying by one
order of magnitude.[9] As a result, benchmarks, such as
polycrystalline Pt, have been introduced and several works
on measurement procedures and best practices have been
published.[8,25,26,29,31,37] The basic assumption is that pro-
cedures and conditions can be defined where all catalysts
exhibit their maximum performance. Focusing first on the
measurement limitations of the RDE setup, it is seen that
the maximum ORR current density which can be reached
(at 1600 rpm) is around 6 mA/cm2

Geo. The broad current
plateau indicates that in awide potential region, theORR is
limited bymass transport through the hydrodynamic layer
at the electrode interface.[38] By contrast, in theGDE setup,
a current density up to 1400 mA/cm2

Geo can be reached in
the same potential region because oxygen gas can directly
diffuse through the GDL to the catalyst layer. Thus, the
maximum current density achieved in the present study
is comparable to the ones reported from MEA tests, for
example, at 0.7 V, 1500mA/cm2 could be reached in H2-O2
MEA tests using a Pt-Co/C catalyst.[39,40] A GDE setup is,
thus, particularly apt at investigating catalysts with higher
current densities and lower potentials, which reflect more
realistic conditions that are closer to the operational win-

F IGURE 6 Comparison of the corresponding potential loss at
a current of 5 A/mPt

2 from RDE and GDE. The potential loss is a
result of subtraction between the averaged corresponding potential
in RDE and GDE. The bar from TKK 50.6 wt.% Pt/C with the dashed
edge is a measurement result with cleaning the catalyst surface in
Ar saturated electrolyte in RDE, while the same catalyst with a bar
of solid edge is a measurement result companied with an optimized
cleaning procedure (O2 saturated electrolyte). The given error is the
standard deviation for the difference in averaged corresponding
potential at the current of 5 A/mPt

2 between RDE and GDE

dow of a fuel cell. It should be mentioned though, that the
maximum current density reached in the GDE setup var-
ied up to 50% between the different samples, highlighting
the influence of the catalyst layer on the obtained results.
To further compare the results, the current densities

were normalized to the ECSA derived from the CO strip-
ping measurements, thus, avoiding any influence from
uncertainties in catalyst loading. This specific ORR activ-
ity is shown as a Tafel plot in Figure 5. The Tafel plot shows
that the potential region with kinetic behavior, that is, lin-
ear Tafel slope is substantially larger in a GDE setup as
compared to a RDEmeasurement; it stretches fromaround
1 VRHE down to roughly 0.75 VRHE whereas the kinetically
controlled potential region ends at around 0.90 VRHE, in
a RDE measurement. However, it is also seen, that the SA
obtained in the low-current regime (above 0.80 VRHE) of
RDE measurements is substantially higher than the one
measured in the GDE setup. This difference in SA was
observed for all six investigated Pt/C catalysts and is sum-
marized in Figure 6. Comparing the performance of the
different Pt/C catalysts with a standardized procedure at
a fixed current density of 5 A/mPt

2, a potential shift in the
range of 0.067 VRHE and 0.108 VRHE is observed between
the two approaches which constitutes a substantial differ-
ence of around one order in magnitude.
To investigate the reason for this significant reduction in

SA measured in the GDE setup, we applied a steady-state
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protocol using an RDE. Supporting information Figure S3
shows that by applying a steady-state protocol in an RDE
measurement, the SA at 0.9 VRHE drops down to a similar
SA, that is, 0.4A/m2

Pt aswasmeasured in theGDE setup at
the same potential. This indicates that the substantial dif-
ferences in determined specific ORR activities in the GDE
setup are at least partially caused by the steady-state pro-
tocol used for GDE measurements. In the GDE measure-
ments,we started themeasurements at 1.00VRHE andwent
stepwise more negative to 0.10 VRHE, where each step took
1 min. Thus, at each potential, we can assume steady-state
conditions. In contrast, in the dynamic potential cycling
typically used for RDEmeasurements, no steady-state con-
dition is reached, leading to an apparent higher activity.
The effect is also well-known from RDE measurements,
where a profound influence of the scan rate on the ORR
activity is reported and a hysteresis in activity between pos-
itive and negative sweeps is observed.[9,41] Furthermore,
in a RDE measurement, the kinetic current density is
obtained after correcting formass transport limitations.[42]
All these arguments point toward that in the intrinsic ORR
activities derived from RDE measurements might overes-
timate the performance in a fuel cell, where steady-state
conditions are applied. The GDE setup, by comparison,
is not particularly designed to investigate catalysts under
dynamic conditions and applying a similar protocol using
aGDE setup is not feasible. Any uncompensated resistance
(iR drop) leads not only to a shift in potential but also to a
current-dependent change in the scan rate. Potentiostatic
or galvanostatic measurements by comparison can be cor-
rected for the iR drop in a straightforwardmanner but face
the challenge of a more or less pronounced time depen-
dence in the recorded current or potential. Hence in the
current work, we choose to average the currents recorded
in a set time interval, see section 2. Instead of investigat-
ing the catalysts properties at 0.90 VRHE, the focus is set to
lower voltageswith higher current densities,which reflects
more realistic conditions, that is, in the range between
0.70 VRHE and 0.80 VRHE. This range equals the opera-
tional window for a real fuel cell and is, thus, especially
important. For the GDEmeasurements, we adopted a pro-
cedure of Yarlagadda et al.[43] to prepare Pt/C films on
top of a GDL using the same Pt loading and a standard-
ized ink composition for all Pt/C catalysts. Furthermore,
the same automized testing protocol has been applied, see
section 2. The activity results then can be compared at
either a fixed potential or at fixed current density. Apart
from these systematic differences between RDE and GDE
measurements which should lead to a constant shift in
activity between all catalysts, the different measurement
results of the 50.6 wt.% catalyst in Figure 6 indicate that an
automized and standardized procedure might not always
be suitable to ensure that each catalyst exhibits its opti-

F IGURE 7 Comparison of different carbon to Nafion ratios
(C:N) of HISPEC 70 wt.%. The power density of HISPEC 70 wt.%
strongly depends on the amount of Nafion added to the ink. The
standard procedure suggests a C:N ratio of 1:1. However,
measurements made with the GDE setup show higher power
density for a C:N ratio of 1:2.2. By adding significantly more Nafion,
the power density drops down

mal, intrinsic performance in a GDE measurement. For
example, an improved cleaning procedure in oxygenmight
improve the performance (in the specific case shown here,
in the RDE measurements) while for other catalysts it
might lead to slight degradation, for example, in case of
small particles. Furthermore, the SEM-EDS cross-sections
demonstrate substantially different thicknesses of the Pt/C
catalyst films depending on the Pt loading on the carbon
support.
Furthermore, in comparative RDE measurements, typ-

ically the same ink composition is used for all Pt/C cata-
lysts without optimization for a specific catalyst. However,
a fixed carbon to Nafion (C:N) mass ratio, might not be
the best recipe for all the different catalysts. The different
Pt loadings on the carbon support, the different Pt parti-
cle size distributions as well as different carbon supports
might require specific ink compositions for every single
catalyst to optimize the performance in the GDE setup;
knowledge that is commonly known for MEA measure-
ments and is part of the optimization of fuel cell catalyst
layers.[44]
To investigate this hypothesis, we analyzed the specific

ORR activity (SA) of amoderately performing catalyst, that
is, the HISPEC 70 wt.% at different C:N mass ratios. As
demonstrated in Figure 7, the conventional ink recipe (C:N
= 1:1) does not lead to the best performance of the HISPEC
70 wt.% catalyst. The obtained maximum power density
strongly depends on the C:N ratio in the ink (Figure 7). By
changing the C:N ratio, the maximum power density can
be almost doubled from about 0.4 to about 0.7 W/cm2. A
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standardized ink recipe, therefore, leads to an “underper-
formance” of certain catalysts. For a meaningful compar-
ison of different catalysts in a GDE, it is therefore, impor-
tant to consider optimizing the ink composition for every
single catalyst.
To demonstrate this conclusion even further, and to ana-

lyze which characteristics are crucial for a good perfor-
mance of a specific Pt/C catalyst, we also analyzed the
influence of the Pt to Nafion (Pt:N) ratio of this specific cat-
alyst by introducing additional carbon support in the cat-
alyst ink. In the plot in Figure 8, it is demonstrated that at
0.9 VRHE, the ORR performance increases with increasing
C:N ratio. With regards to the Pt:N ratio, it seems that the
ORR performance increases with increasing ratio as well.
However, this behavior changes as soon as higher current
densities are reached. At 0.8 VRHE, the highest ORR cur-
rent density was reached with a Pt:N ratio of 1 instead of
a ratio more than 2 at 0.9 VRHE. Furthermore, it is shown
that at this Pt:N ratio, theC:N ratio does not have a substan-
tial influence on the current density anymore. This trend
gets even more pronounced at 0.7 VRHE. The highest cur-
rent density for theHISPEC 70wt.% catalyst were obtained
with a Pt:N ratio of 1 (by adding carbon support to the ink)
and a C:N ratio of 1.

4 CONCLUSIONS

In the presented work, the ORR performance of six com-
mercial Pt/C catalysts is compared in a GDE setup. As
benchmark, the same catalysts are compared in RDEmea-
surements according to standardized procedures that are
assumed to showcase the intrinsic ORR activity of the
respective catalysts. The results are summarized in Table 1.
The work clearly demonstrates the challenges but also the
strengths of the GDE approach. In the last 10 years, several
RDE studies demonstrated the importance of the filmqual-
ity for obtaining the intrinsic ORR activity of a catalyst,
research work that is still ongoing.[45] At the same time,
the popularity of the RDE approach is at least partially
owed to its simplicity and the availability of all required
instruments. The presented GDE measurements indicate
that the influence of the filmquality on the obtained results
in this approach is at least equally important as in the
RDE approach. However, to find broad application, a sim-
ple and straight-forward film preparation method should
be applied, such as the vacuum filtration technique, that
only requires standard equipment that is available in most
research laboratories and leads to reproducible results in
film quality. Most likely, as for the RDE approach, fur-
ther work on establishing standardized procedures and the
use of benchmarks will be essential to obtain meaningful
results.

F IGURE 8 Comparison of the influence of Pt:N and C:N ratios
on ORR activities of HISPEC 70 wt.% at 0.9 VRHE, 0.8 VRHE, and 0.7
VRHE. At 0.9 VRHE, both Pt:N and C:N ratio determine the obtained
current density of HISPEC 70wt.%. A high Pt:N ratio and a C:N ratio
around 1 gave the highest current densities. However, at lower
voltages the Pt:N ratio becomes the key ratio. There is a clear trend
toward a Pt:N ratio of 1. The ORR activities are averaged values of
three measurements. The black squares indicate the calculated C:N
and Pt:N ratios of all analyzed catalyst films based on which the
contour plots are made
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On the other hand, the results clearly demonstrate the
potential of the GDE approach to bridge RDE and MEA
measurements, thus, helping to commercialize new ORR
catalysts. Most importantly, the GDE approach allows
focusing on relevant current densities that are inaccessi-
ble in RDE measurements. Moreover, the optimization of
characteristics, such as the ink recipe or the applied cat-
alyst loading on the GDL for each individual catalyst, is
feasible in a much simpler manner than in elaborate MEA
testing. Therefore, the GDE approach has the clear poten-
tial to reach similar popularity as the RDE approach.
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